A large number of clinical studies have reported TBI-induced attention deficits in affected individuals. A recent study in adult patients with lateral prefrontal contusions reported significantly reduced attention capacities as compared to the patients with contusions located in other frontal areas and normal controls using culturally validated tests from the Delis-Kaplan Executive Function System (Trail Making, Verbal Fluency, Design Fluency, Sorting, Twenty Questions, and Tower). 11 Significantly poorer attention capacity and slower information processing speed were observed in TBI patients who showed poorer outcomes (evaluated using the Glasgow Outcome Scale) compared to those who showed better outcomes. 12 In addition, existing clinical studies have reported significantly lower accuracy responding to selective attention processing and significantly longer reaction time when performing stop signal tasks in patients with TBI relative to normal controls (NCs). 8, 13, 14 Increasingly neuroimaging studies have started to demonstrate structural and functional brain abnormalities associated with TBIinduced attention deficits. [13] [14] [15] [16] [17] [18] A recent longitudinal structural magnetic resonance imaging (MRI) study and a Diffuse Tensor Imaging (DTI) study reported persistent gray matter intensity reduction and white matter disruption in frontal cortex in individuals with mild TBI relative to healthy controls, which were significantly associated with inattention-related postconsussion symptoms. 15, 16 Multiple taskbased functional MRI (fMRI) studies demonstrated significantly increased activations in dorsolateral and anterior middle frontal gyrus (MFG), dorsal-lateral prefrontal cortex (DLPFC), and ventrolateral PFC (VLPFC) in patients with TBI compared to group-matched healthy controls when performing visual working memory, executive control, and cognitive rehabilitation tasks. [17] [18] [19] [20] Abnormal activation in the anterior cingulate cortex was also observed in patients with TBI relative to controls, when performing cognitive control tasks. 21, 22 Nevertheless, significantly decreased and/or no significant change in frontal areas were also reported in multiple fMRI studies in patients with TBI. [22] [23] [24] [25] Functional near-infrared spectroscopy (fNIRS) is a noninvasive optical imaging technique. 26 It detects optical property changes of cerebral cortex, based on the different absorption characteristics of oxygenated (HbO) and deoxygenated (HbR) hemoglobin under 600-900 nm infrared light. Compared to MRI and other imaging modalities, fNIRS works with a portable device, which is less sensitive to head motion and allows more flexibility in subject setup during the experiment, without scanner environmental constraints. This optical imaging technique thus has provided notable contributions in newborn infants' studies, 27, 28 full-body behaviors (such as body exercise) examination studies, 29 and many other studies in brain disorders. 30 By employing fNIRS in TBI studies, significantly reduced brain activation in bilateral frontal areas was demonstrated in patients with sports-related concussion (SRC) during performances of spatial design memory, digitsymbol substitution (symbol match), and working memory tasks 23 ; increased activation in the medial frontal regions was observed in patients with severe TBI during performances of multiple cognitive rehabilitation tasks. 31 Meanwhile, fNIRS studies also found increased brain activation in left prefrontal areas in TBI patients during verbal working memory processing. 32 However, none of the existing fNIRS studies directly investigated attention processing brain mechanisms in TBI. Throughout the current literature of neuroimaging studies in TBI, inconsistency of the findings can be mainly caused by the differences of the imaging and analytic techniques and heterogeneity of the study cohorts in terms of demographic characteristics, pathoanatomic, and physical mechanisms of the injuries.
This proposed study focused on understanding the neurophysiological underpinings of TBI-induced attention deficits by utilizing task-based fNIRS. To eliminate the potential confounding caused by the heterogeneities of the source of TBI and other clinical and demographic components, the current study restricted the study sample into only young adults (aged 18-27 years old) who had clinical confirmed SRC at least 6 months prior the study and a well-matched control group. SRC is a form of TBI caused by biomechanical forces imparted to the head during a sporting activity that results in alterations in neurological functioning. fNIRS data from the SRC participants and the group-matched controls were collected during performance of a visual sustained attention task (VSAT). We hypothesized that functional brain alterations in frontal and occipital brain regions would be observed in the group of SRC subjects, which would significantly contribute to SRC induced inattention in those affected individuals.
| METHODS

| Participants
A total of 70 young adults (33 patients and 37 controls), ranging from 18 through 27 years of age, were initially involved in this study. All the subjects were recruited from the New Jersey Institute of Technology (NJIT) and the Rutgers University New Jersey Medical School (Rutgers NJMS) through study flyers. The SRC patients were active players in the basketball, soccer, lacrosse, or ice hockey teams and had history of one or multiple concussions caused by sport activities, which were clinically confirmed at least 6 months prior the study (clinical confirmed time of brain injury was 48.6 ± 35.5 months prior the study visit). Patients with attention-deficit hyperactivity disorder (ADHD) diagnosed prior to the diagnosis of SRC were excluded from the study. The Conner's Adult Self Rating Scales (4th Edition) 33 was administered to each subject to assess attention and inhibitory control capacities during the study visit. The NC group excluded subjects who had a history of brain injury or diagnosis of ADHD, or a T-score >60
(1 SD) on the Conner's self-report. For both the SRC and NC groups, subjects with current or histories of diagnosed neurological disorders, serious medical conditions, learning disabilities, autism spectrum disorders, schizophrenia, and other severe psychiatric disorders were all excluded. All the enrolled subjects were strongly right-handed, evaluated using the Edinburgh Handedness Inventory, 34 to minimize neurobiological heterogeneity.
Among the total of 70 subjects who were originally involved in the study, 16 were excluded from further fNIRS data analyses. In the 37 normal controls, three were excluded because they had inattentive or hyperactive/impulsive T-score >60 on the Conner's selfreport, two were excluded due to incomplete fNIRS data, and five were excluded due to relatively higher educational level and ages which were beyond our inclusion criteria. In the 33 patients, four
were excluded due to clinically diagnosed ADHD prior brain injury, two were excluded due to the cause of injury (car accidents instead of sports activities). This attrition left a total of 27 SRC patients (17 with mild TBI, three with moderate TBI, one with severe TBI, and six with multiple TBIs [from mild to severe]) and 27 group-matched NCs for group level analyses of the imaging data. Demographic characteristics of these 54 subjects are summarized in Table 1 .
The study received Institutional Reviewed Board approval for human subject's research at NJIT and Rutgers. Written informed consents were provided by all participants after the nature of the study, and its procedures were carefully explained.
| Experimental setup and fNIRS data acquisition
All participants were initially familiarized with the procedure of the whole experiment before undertaking any measurements.
Testing was conducted in a quiet and private room. To minimize background noise, the room's lights were dimmed during the data collection.
A continuous-wave (CW), diffuse optical system (CW6; TechEn, Inc., Milford, MA) was used for fNIRS data collection in each subject.
A custom-made head cap constructed from plastic materials embed- Each subject was instructed to sit in front of a laptop, to adjust the seat height to a comfortable position, to place his/her arms on the table, and to use the right hand to hold a mouse button by placing the index finger on the left button and middle finger on the right button.
The subject was told to look at the screen, to try best to avoid moving their head during the experiment. The acquisition software, E-prime, allowed the operator to mark an analog trigger on the task start time point to synchronize the timing of the cognitive task with the fNIRS data.
| Experimental task
During fNIRS data acquisition, all the subjects performed the VSAT which was designed to assess both the behavioral capacity of sustained attention and brain activation patterns. The VSAT is an enhanced block-designed continuous performance task established in our previous functional magnetic resonance imaging studies. [35] [36] [37] [38] The task contained five task blocks interleaved by five rest blocks.
Each block lasted for 30 seconds. In each task block, a red cross was first shown at the center of the computer screen for 800 milliseconds; then, a target sequence of three digits in red typeface (e.g.
1→3→5) was shown in the same position, at the rate of one digit each 400 milliseconds. Then, following a 1.0-second delay during which participants were required to remember the current target sequence, a series of nine additional 3-digit probe sequences were presented sequentially in black typeface in a pseudo-random order, again at a rate of one digit per 400 milliseconds. A 1.8 seconds'
response window followed each 3-digit probe sequence. In this period, participants were instructed to press the left button of a re- was provided before fNIRS data acquisition to ensure that subjects understood the requirements of the task.
| Reliability and reproducibility tests
Each participant was asked to perform the VSAT twice (stimuli were randomized and counter-balanced). To test the reliability of the fNIRS where subjects were defined as the between-subjects differences, and error was defined as the within-subject differences of the meas- F I G U R E 2 ROI-based cortical activation map and functional connectivity matrix in the NC and patient group, respectively: (A) Cortical activation maps in the six ROIs in frontal and occipital regions for the control and patient groups; (B) Names and locations of the anatomical regions which exhibited significantly higher functional connectivity (marked in blue color) in patients when compared to the controls; (C) Weighted functional connectivity matrices of the control and patient groups. (ROI, regions of interest; fNIRS, functional near-infrared spectroscopy; NC, normal control; SRC, sports-related concussion; MFG.L., left middle frontal gyrus; MFG.R., right middle frontal gyrus; CG.L., left calcarine gyrus; CG.R., right calcarine gyrus; IOC.L., left inferior occipital cortex; IOC.R., right inferior occipital cortex)
| Individual-level fNIRS data analyses
All measurements were based on changes in chromophore concentration corresponding to optimal absorbance for deoxygen- 
| Group-level data analyses
Group comparisons of clinical and demographic characteristics were carried out using chi-squares test for discrete variables such as gen- 
| RESULTS
Demographic measures did not show significant between-group differences ( Table 1 ). All participants achieved >80% responding accuracy when performing the VSAT during fNIRS acquisition. There were no significant between-group differences presented in the fNIRS task performance measures. As shown in Figure 2A ( Table 2 and Figure 3 ).
| DISCUSSION
To our knowledge, this is the first study utilizing task-based fNIRS to directly investigate the neurophysiological underpinings of the inattention component induced by sports-related brain injuries in young active athletes. We found that relative to the group-matched NCs, patients post-SRC had significantly increased regional activation in the middle frontal lobe and regional hyper-communications among bilateral occipital areas during visual sustained attention processing, which were strongly associated with their elevated hyperactive/impulsive symptoms.
A number of existing neuroimaging studies have reported functional abnormalities in frontal lobe in patients with TBI, during performance of sensory and cognitive tasks that involved significant amount of attention load. [17] [18] [19] [20] 31, 32 For instance, significantly increased activation in dorsolateral and anterior MFG, DLPFC, and VLPFC have been increasingly reported in patients with TBI when performing visual working memory, executive control, and cognitive rehabilitation tasks in recent fMRI [17] [18] [19] [20] and fNIRS studies 31, 32 . Together with these existing findings, our direct investigation of attention processing in patients with SRC suggests that increased activation demand in left MFC is involved for the SRC patients to appropriately perform the sustained attention task, which in turn suggests that left MFC is a key region of abnormality associated with inattention in TBI.
The current study also found significantly more functional inter- There are some issues need to be further discussed. First, the study sample included both males and females. Gender-related differences of concussion induced cognitive and behavioral outcomes have been reported in domains involving visual spatial and verbal memory and executive control. [54] [55] [56] [57] [58] [59] In our study, two further unpaired t-tests were conducted to investigate whether there were gender- 
